Atomic layer deposition is mainly used to deposit thin films on flat substrates. Here we deposit a submonolayer of phosphorus on V 2 O 5 in the form of catalyst powder. The goal is to prepare a model catalyst related to the vanadyl pyrophosphate catalyst (VO) 2 
I. INTRODUCTION
Selective oxidation reactions are of great interest for the (petro-)chemical industry, especially concerning the upcoming raw material change. However the direct oxidation of alkanes, e.g., from natural gas, to produce bulk and platform chemicals is not yet conventional. Industry lacks sufficient active and selective catalysts. The only successfully established reaction is the selective oxidation of n-butane to maleic anhydride (MAN) with vanadyl pyrophosphate (VO) 2 P 2 O 7 (VPP) catalyst. [1] [2] [3] [4] [5] [6] [7] MAN is produced in a megaton per year range with a yield around 60 %. The understanding of the mode of operation of VPP is of general interest to improve and reasonably design selective alkane oxidation catalysts. However, the reaction mechanism has not been identified until now. 8, 11 VPP and its precursors are extremely dynamic and can form several metastable phases under oxidation conditions with n-butane. [10] [11] [12] [13] [14] Hence, the resulting surface differs substantially from a theoretical VPP single crystal surface. The specific functions of the different surface species in the oxidation process remain mostly unknown. Suggestions have been made, including particular roles for vanadium(IV)−vanadium(V) redox couples, isolated V 5+ sites, or P−OH Brønsted acidic sites. 3, [9] [10] [11] Near-ambient pressure X-ray photoelectron spectroscopy (XPS) measurements showed that the surface features a significant amount of V 5+ under reaction conditions. The self-limiting character of the reactions makes it possible to achieve uniformly distributed deposits on porous high- The catalyst sample ALD-P/V 2 O 5 was prepared with a silicon wafer as a sample holder for the V 2 O 5 powder. 5 g of the oxide were uniformly spread over the wafer to
give a height of the powder layer below 2 mm. As above, the saturator temperature was 30 °C, the substrate temperature was 120 °C, and the pressure in the reaction chamber was 1.0 mbar in a flow of 300 ml/min of N 2 . One single ALD cycle was performed on 5 g V 2 O 5 with three pulses of (Me 2 N) 3 P (each 3.5 s), N 2 purge (300 s), 500 O 3 pulses (each 2.5 s) and a final N 2 purge (300 s). O 3 was generated with the built-in ozone generator
HyXo BMT 803N (HyXo Oy, Kerava, Finland) using pure oxygen (99.999%) as feed gas. O 3 production was 8 g/h (at 100g/Nm 3 at 20°C).
Incipient wetness impregnation
A sample series of P/V 2 O 5 was prepared using incipient wetness impregnation (IWI). 
D. Catalytic testing
Catalytic tests for the selective oxidation of butane to maleic anhydride were carried out in a high-throughput setup (hte GmbH, Heidelberg, Germany). The setup consisted of a gas dosing unit, a reactor unit, and an analytics unit. The setup was fully automated in terms of process control, data processing and management. The gas dosing unit allowed mixing feeds containing N 2 , O 2 , n-butane, Ar (as internal standard) and H 2 O.
The reaction was conducted at atmospheric pressure. The reactor unit consisted of eight parallel reactors (outer diameter 18 mm, inner diameter 12 mm) for catalyst samples with a maximum bed volume of 1 ml and one blank reactor filled with inert material. The reactor temperature was individually controlled for each reactor in the range of 250 to 550 °C. The temperature in the catalyst bed was monitored by a multipoint thermocouple with three measuring points along the fixed bed. The effluent gas of each reactor was analyzed by two gas chromatographs (7890A, Agilent) equipped with thermal conductivity and flame ionization detectors. In addition, the effluent gas of the blank reactor, which equals the inlet gas of all reactors, was analyzed as well. 
III. RESULTS AND DISCUSSION

A. V 2 O 5 Reference characterization
The V 2 O 5 starting material was analyzed with FTIR spectroscopy of adsorbed ammonia to determine the concentration of acidic hydroxyl groups at the surface. The spectrum of the preheated V 2 O 5 sample in vacuum was taken as a reference. Both, the spectrum obtained in presence of gas-phase NH 3 and the spectrum recorded after desorption of physisorbed NH 3 are presented in fig. 1 . The adsorbed ammonia on the surface gives mainly three bands. 21, 22 The peak at 1423 cm 
B. Phosphorus Atomic Layer Deposition
In preliminary experiments, the phosphorus precursor was deposited on silicon table 1 ). Assuming that one P precursor molecule reacts with one OH site on the surface, we can calculate a surface coverage of 43 % based on the OH site density.
Although direct saturation curves for the ALD process were not recorded, e.g., with online mass spectrometry (MS) or quartz crystal microbalance (QCM), the low coverage of the V 2 O 5 with the precursor strongly indicates a controlled deposition process based on surface saturation. b. The phosphorus amount before calcination is calculated from the total amount of precursor and V 2 O 5 used during preparation of the incipient wet catalyst samples.
c. The phosphorus content has been analyzed by inductively plasma coupled optical emission spectroscopy (ICP-OES).
d. The surface coverage is calculated by the P concentration (via ICP-OES) in relation to the OH site concentration. 
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A very low P 2p peak at 133.3 ± 0.1 eV, indicating a P 5+ species, appears only for the P/V 2 O 5 samples and confirms the presence of phosphorus after carrying out both synthesis methods, respectively. The peak height correlates with the overall phosphorus concentration in the three low P samples as detected with ICP-OES (see table 1 ).
The P +3 precursor (Me 2 N) 3 P was consequently oxidized up to P +5 in both synthesis methods.
In ALD the oxidation agent was O 3 and during the impregnation the oxidation probably took place during the calcination in air. The phosphate precursor, which was exclusively impregnated, already had the oxidation state of +5 for phosphorus. 
D. Selective oxidation of n-butane
The catalytic properties of all four P/V 2 O 5 samples with pure V 2 O 5 as reference have been tested for the selective oxidation of n-butane to maleic anhydride. Fig. 4 summarizes the n-butane conversion and the selectivity to maleic anhydride at different as an important part of the selective site. 13, 14 In contrast, a similar loading of phosphorus impregnated on V 2 O 5 via incipient wetness has no beneficial impact of the catalytic performance. An impregnation with ten times more phosphorus gives an effect similar to the deposition via ALD. However, the high concentrated impregnation sample loses around 12.5 % of its phosphorus content during the catalytic testing, while the catalyst prepared via ALD is stable concerning the P content under the applied conditions. Moreover, the high P loading via impregnation does not lead to a uniform distribution of the P on the surface.
We conclude that ALD is a highly promising tool for the surface modification of catalysts, due to the strong chemical bonding of the deposited species and the uniform distribution of these species.
